INTRODUCTION
Some fungi contaminants in cereals produce secondary toxic metabolites called mycotoxins. In general, these metabolites have no importance in normal development of fungi and are produced as an adaptive response to environmental conditions (Pitt, 2000) . Structurally, mycotoxins comprise a complex group of low molecular weight substances that naturally occur in diverse substrates, including foods for human and animal consumption.
It is estimated that 25% of the world's cereal production is contaminated by mycotoxins (CAST, 2003) . Besides being highly prevalent, mycotoxins are important because the toxic mechanisms are diverse and include carcinogenesis and the compromising of several metabolic functions in animals (Hussein and Brasel, 2001; Miazzo et al., 2005) .
Mycotoxicoses is problematic in commercial poultry farming and interferes negatively in several productive variables. Mycotoxins can reduce feed intake and broiler weight gain (Kubena et al., 1997; Gentles et al., 1999; Daghir, 2008) . However, their toxicity mechanisms are specific to each mycotoxin type, and the effects observed in animals are varied and modulated by several factors (D'Mello and Macdonald, 1997) . Besides being inconsistent, the results are little conclusive in some aspects, especially in the relationship between mycotoxins and nutritional components of diets.
In face of the variability in experimental results, it would be of interest to study the effects of mycotoxins in broilers through meta-analysis, a technique that allows integrating different variables and establishing systematic responses adjusted to experimental diversity. In addition, this approach can contribute to the determination of growth patterns of challenged animals to help understand the effects of mycotoxin. This study was performed using meta-analysis to investigate the relationship of mycotoxins with performance, productive indices, and organ weights in broilers. ABSTRACT A meta-analysis was carried out to study the association of mycotoxins with performance, productive indices, and organ weights in broilers. Ninetyeight papers published between 1980 and 2009 were used, totaling 1,401 diets and 37,371 animals. Metaanalysis followed 3 sequential analyses: graphical, correlation, and variance-covariance. The mycotoxin presence in diets reduced (P < 0.05) feed intake by 12% and weight gain by 14% compared with control group. Ochratoxins and aflatoxins were the mycotoxins with the greatest effect on feed intake and bird growth, reducing (P < 0.05) feed ingestion by 17 and 11%, respectively, and weight gain by 20 and 11%, respectively. The mycotoxin concentration in diets and the animal age at challenge were the variables that more improved the coefficient of determination for equations to estimate mycotoxin effect on weight gain. The mycotoxin effect on growth proved to be greater in young poultry. The residual analysis revealed that 65% of the variation in weight gain was explained by feed intake. The variation in weight gain of challenged broilers in relation to nonchallenged broilers was also influenced by ingestion of nutrients such as protein and methionine. Mortality was 8.8 and 2.8 times greater (P < 0.05) in groups that received diets with deoxynivalenol and aflatoxins, respectively. Mycotoxins also increased (P < 0.05) the relative weight of liver by 15%, of kidneys by 11%, of lungs by 9%, and of gizzard by 3%. Mycotoxins influenced broiler performance, productive indices, and organ weights. However, the magnitude of the effects varied with type and concentration of mycotoxin, animal age, and nutritional factors.
Meta-analytical study of productive and nutritional interactions of mycotoxins in broilers

MATERIALS AND METHODS
Indexed publications with in vivo experiment results on broilers challenged by mycotoxins were selected. The research strategy was to consult online data sources with keywords in several languages (English, Portuguese, Spanish, French, and Italian). The main criteria for selecting publications were 1) experimental intoxications with mycotoxins, 2) commercial broiler strains, and 3) responses of animal performance and organ weights. After selecting the studies and the subsequent exploratory analysis, information related to the proposed theoretical model and other variables was tabulated to permit the descriptive analysis of studies included in the database. The information was selected from Materials and Methods and Results sections of the articles and then tabulated in a database.
The methodology for defining dependent and independent variables and for data encoding followed the propositions described in the literature (Sauvant et al., 2005; Lovatto et al., 2007) . Some encodings were used with qualitative grouping criteria as a resource to associate groups that are homogenous in certain characteristics and include them in analytical models as a variation source. In this context, the main encodings used were for challenge (control or contaminated diets) and for mycotoxin type under study (control or contaminated diets for specific mycotoxins). Other encodings were used in analyses as moderating variables with the objective of considering the variability of compiled studies (article, intereffects, and intraeffects). A specific sequential number was attributed to each study inserted in the database for codification of the article effect (general). Intercodification was formed by uniting the general encoding and sequential numbers to attribute a specific code to each database treatment. Intracodification, similarly to the previous procedure, was attributed to groups with repeated measurements (BW, age, mycotoxin concentration in diets).
The analyzed variables were experimental characteristics (challenge period, mycotoxin type and concentration in diets, broiler age, BW, and sex), diet composition, nutrient ingestion (CP and total methionine), performance (feed intake, weight gain, and feed conversion ratio), productive indices (productive efficiency and mortality index), and relative weight of organs (liver, kidneys, lungs, gizzard, heart, bursa, and proventriculus). For a better comparison of averages, daily weight gain and feed intake data were corrected for the animal metabolic weight (adjusted variable = variable/ BW 0.75 ). The productive efficiency index (PEI) was calculated from data available in the papers as PEI = (BW × SI)/(FC × A) × 100, where BW = average BW (g), SI = survival index (100 − mortality; %), FC = feed conversion ratio, and A = age (d).
The meta-analysis followed 3 sequential analyses: graphical (to control database quality and observe biological coherence of data), correlation (between the diverse variables to identify related factors), and variance-covariance (to compare the groups and obtain the prediction equations). The factors with higher coefficients of correlations and the codifications for general, intereffects, or intraeffects were used in the models for variance-covariance analyses (Lovatto et al., 2007) . Regression equations were obtained through the variancecovariance analysis using the GLM procedure. The variance decomposition was used to observe the intensity of model variables on the response under analysis. The dispersion measure used to evaluate the results was the residual standard deviation because it better characterizes intra-and model variability. All analyses were made using Minitab 15 software (Minitab Inc., State College, PA).
The database occupied 1,401 lines and 189 columns on a spreadsheet (available upon consultation with the authors) comprising 98 articles published between 1980 and 2009 (mode: 2004) . The most frequently cited periodicals in the database were Poultry Science (30% of the papers), Journal of Applied Poultry Research (6%), International Journal of Poultry Science (6%), Ciência Rural (5%), and Research in Veterinary Science (4%). Most of the experiments were conducted in American (28% of the papers) and Brazilian (19%) institutions.
The studies included in the database totaled 37,731 broilers, with an average of 253 birds per paper (mode: 140) and 58 per treatment (mode: 30). The genetics were described in 64% of the papers (54% Ross, 17% Cobb, 11% Arbor, and 7% Hubbard). Initial average age of the broilers was 9 d (ranging from 1 to 43; mode: 1), and final average age was 27 d (ranging from 7 to 56; mode: 21). Average experiment duration was 18 d; the longest was 55 d. Most (61%) of the papers used male broilers, 4% used females, 16% used mixed lots, and 18% did not describe broiler sex in the study. The installations used included boxes (57%) and cages (26%); 17% of the authors did not present the installation type.
Corn and soybean meal were the main ingredients, used in 65% of the diets. Average nutritional density was 3,088 kcal/kg of ME (ranging from 2,651 to 3,941 kcal/kg), 21.1% of CP (18 to 25.5%), and 0.57% of average total methionine (0.35 to 0.85%). Average mycotoxin concentrations were 0.95 mg/kg for aflatoxins (0 to 5 mg/kg), 4.29 mg/kg for deoxynivalenol (0 to 15 mg/kg), 2.87 mg/kg for T2 toxin (0 to 13.5 mg/kg), 0.78 mg/kg for ochratoxins (0 to 4.18 mg/kg), 5.05 mg/ kg for zearalenone (0 to 111 mg/kg), and 112.8 mg/kg for fumonisins (0 to 400 mg/kg).
RESULTS AND DISCUSSION
Main Effects on Performance
Mycotoxin concentration in diets presented a negative correlation with daily feed intake (−0.24; P < 0.01), daily weight gain (−0.30; P < 0.01), and broiler final BW (−0.27; P < 0.01). Broiler weight at the end of the experiments also presented a negative correlation with the concentration of aflatoxins (−0.22; P < 0.01), deoxynivalenol (−0.35; P = 0.04), T2 toxin (−0.19; P = 0.03), ochratoxins (−0.18; P = 0.04), fumonisins (−0.15; P = 0.03), and zearalenone (−0.15; P = 0.04). Although significant, the correlations were low, indicating that other factors may interfere with broiler performance.
Mycotoxins reduced (P < 0.05) feed intake by 12% and animal weight gain by 14% (Table 1) . This negative interference (P < 0.05) was maintained after adjusting feed intake and weight gain data to bird metabolic weight. Mycotoxins negatively influenced (P < 0.05) the broiler feed conversion ratio by 7%. Furthermore, final weight of broilers that received diets containing mycotoxins was 14% lower (P < 0.05) compared with that of control birds.
The mycotoxins with the greatest effect on feed intake were ochratoxins and aflatoxins, reducing (P < 0.05) the variable by 17 and 11%, respectively. Interference (P < 0.05) in daily feed intake was also observed in broilers that were given diets with deoxynivalenol (−9%) and T2 toxin (−7%).
The observed reduction in feed intake can be attributed to the specific action mechanisms of each toxin. Frequent oral lesions found in trichothecene intoxication are an example (Sokolović et al., 2008) . Some substances, like alimentary toxins, also act as limiting factors in diet selection because animals relate their consumption with metabolic consequences of discomfort (Forbes, 1995) . However, each mycotoxin has a diverse means through which it can reduce feed intake, and in some cases, this mechanism is not fully known.
Feed conversion ratio was worse (P < 0.05) in animals that received diets with aflatoxins (6%), deoxynivalenol (12%), T2 toxin (6%), and ochratoxins (8%) in relation to the respective control groups, but was not influenced (P > 0.05) by the ingestion of fumonisins and zearalenone. Broilers fed diets containing ochratoxins presented a 20% reduction (P < 0.05) in daily weight gain and a 22% reduction in final BW. The reduction (P < 0.05) in daily weight gain and final BW, respectively, was 11 and 9% for contaminations with aflatoxins, 8 and 5% for T2 toxin, and 5 and 6% for deoxynivalenol. Zearalenone and fumonisins did not influence (P > 0.05) broiler growth.
The variance decomposition demonstrated that 65% of the variation in weight gain is attributable to feed intake (P < 0.01) and only 3% is attributable to the presence of mycotoxins in diets (P < 0.01). The negative interference of aflatoxins and trichothecenes on nutrient absorption and protein synthesis can influence weight gain in challenged animals (Verma et al., 2002) . Direct disturbance in the functions of some organs, especially the liver, and the partition of nutrients for activities other than body growth also increase a challenged animal's demands for protein and energy (Ham- ilton, 1977). Thus, the explanation for disturbance in challenged broiler growth is in the association of reduced feed intake with alterations in protein deposition efficiency. This meta-analysis showed that most of the variation in weight gain was explained by the variation in feed intake. Thus, the increase in nutritional density of diets could be studied as a practice to reduce the effects of mycotoxin on animal growth.
Interactions Between Performance and Nutrition in Challenged Animals
Weight gain in nonchallenged and challenged animals increased 2.08 and 2.05 g, respectively, with each gram of protein ingested ( Table 2) . The difference between regression coefficients in the equations for weight gain suggests alterations in challenged animal metabolism with the possible use of nutrients for other functions besides body growth.
Variation in weight gain of challenged broilers in relation to nonchallenged broilers was also influenced by ingestion of nutrients such as protein and methionine. Broiler weight gain caused by aflatoxins was 0.23% lower with each 1-g increase in daily protein ingestion and 7.3% lower with each 1-g increase in daily methionine ingestion.
Weight gain had a positive correlation with methionine content in contaminated diets (0.25; P < 0.01). Analyzing only data from aflatoxin-challenged broilers, the correlation between weight gain and methionine content was higher (0.50; P < 0.01).
The interaction between nutrient intake and challenged broiler performance shows that some mycotoxins, like aflatoxins, increase the need for diet protein to obtain a certain productivity index. Furthermore, some nutrients have important functions in mycotoxicoses. For example, methionine is related to an oxidation reduction process that uses hepatic glutathione, partially formed by methionine and cysteine, as a means for detoxifying metabolites such as aflatoxin B 1 -epoxide (Reed, 1990; Fatemi et al., 2006) . However, nutritional practices are still little studied as methods for reducing the effect of mycotoxins in domestic animals.
Interaction of Performance with Broiler Age and Mycotoxin Concentration in Diets
The mycotoxin type had a differentiated influence on animal weight gain. There was an expected reduction of 16% in broiler weight gain for each milligram per kilogram of aflatoxins in diets (Figure 1 ). Likewise, there was an expected reduction in weight gain of 1.2% per milligram per kilogram of deoxynivalenol, 4.25% per milligram per kilogram of T2 toxin, and 13.3% per milligram per kilogram of ochratoxins in diets.
The inclusion of age as a covariable in equations for estimating the reduction in weight gain of challenged broilers improved (on average 20 perceptual points) the determination coefficient of the models for all mycotoxins studied (Table 3) . Equations indicated that the effect of mycotoxins on broiler weight gain was not constant in all growth phases. The effect of mycotoxins on growth was greater in young broilers. Although these equations are empirical, the inclusion of age as a variable makes them dynamic, permitting their application in mathematical models. These results are important because the lack of dynamic information makes several models deficient in that they do not simulate animal growth considering the effect of sanitary challenges such as mycotoxins. 
Mortality, Productive Efficiency Index, and Organ Weights
The presence of aflatoxins and deoxynivalenol in diets increased (P < 0.05) mortality, whereas T2 toxin and fumonisins did not influence (P > 0.05) this index ( Table 4 ). The observed increase in mortality rates of lots that were given contaminated diets can be considered a direct effect of mycotoxins, but it is probable that the immunosuppressive action of these substances in chronic intoxications can increase the incidence of secondary infections and be relevant in the observed condition (Bouhet and Oswald, 2005) . Mycotoxin action on target organs can also contribute to the mortality rate variability among mycotoxins. Liver damage, for example, reduces detoxification activity, collaborating toward a worsening in clinical status.
The mycotoxin concentration in the diets presented a negative correlation with the productive efficiency index (−0.61; P < 0.01). Challenged groups presented a 40% reduction (P < 0.05) in the productive efficiency, which was influenced (P < 0.05) by aflatoxins, deoxynivalenol, and T2 toxin.
The relative weight of liver presented a positive correlation with the dose of mycotoxins (0.23; P < 0.01), aflatoxins (0.40; P < 0.01), deoxynivalenol (0.23; P = 0.03), and fumonisins (0.31; P = 0.02). Presence of mycotoxins in diets increases relative weight of liver by 15% (P < 0.05), kidneys by 11%, lungs by 9%, and gizzards by 3% (Table 5) times heavier (P < 0.05) in challenged birds; however, the main effect appears to be of the aflatoxin. The relative weight of the heart was influenced (P < 0.05) only by the presence of aflatoxins. Bursa and pancreas weights were not influenced (P > 0.05) by mycotoxins studied. Aflatoxins presented the most important effects of all mycotoxins on organ weight. Broilers challenged by aflatoxins presented increases (P < 0.05) of 22% in relative liver weight, 36% in kidneys, 29% in lungs, 23% in the proventriculus, 10% in the heart, and 4% in the gizzard. Each 1 mg/kg of aflatoxin in the diet increased the relative weight of the liver by 0.23% (2.89 + 0.23 × MC, where MC is mycotoxin concentration, expressed in mg/kg; R 2 : 0.72).
The liver is affected by most mycotoxins. Alterations in liver functions are observed in broilers challenged by aflatoxins (Maciel et al., 2007) , and the increase in this organ weight can be attributed to fatty degeneration (Safameher, 2008) . Furthermore, some alterations in blood circulation in liver can be related to cardiac hypertrophy (Lee et al., 2007) .
Mycotoxins are important in poultry industry because they severely damage animal health and the profitability of the productive system. The meta-analysis performed in this study allowed us to address and systematically quantify the association of mycotoxins with broiler performance. In addition to assisting in understanding the effects of mycotoxins, this approach helps in the determination of dynamic standards for the growth of challenged animals. The results of this study point to the possibility of exploring the relationship of mycotoxins with several factors such as animal age, mycotoxin type and concentration, and ingestion of protein and methionine.
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